Loss-of-function mutations in 3=-to-5= exoribonucleases have been implicated in hereditary human diseases. For example, PARN mutations cause a severe form of dyskeratosis congenita (DC), wherein PARN deficiency leads to human telomerase RNA instability. Since the DC phenotype in PARN patients is even more severe than that of loss-of-function alleles in telomerase components, we hypothesized that PARN would also be required for the stability of other RNAs. Here, we show that PARN depletion reduces the levels of abundant human Y RNAs, which might contribute to the severe phenotype of DC observed in patients. Depletion of PAPD5 or the cytoplasmic exonuclease DIS3L rescues the effect of PARN depletion on Y RNA levels, suggesting that PARN stabilizes Y RNAs by removing oligoadenylated tails added by PAPD5, which would otherwise recruit DIS3L for Y RNA degradation. Through deep sequencing of 3= ends, we provide evidence that PARN can also deadenylate the U6 and RMRP RNAs without affecting their levels. Moreover, we observed widespread posttranscriptional oligoadenylation, uridylation, and guanylation of U6 and Y RNA 3= ends, suggesting that in mammalian cells, the formation of a 3= end for noncoding RNAs can be a complex process governed by the activities of various 3=-end polymerases and exonucleases.
P roper 3=-end formation of RNAs plays an important role in regulating their function in the cell. Correct 3=-end formation is also important for the recruitment of a protective protein(s), which can serve to stabilize the RNA. For a number of stable noncoding RNAs (ncRNAs) in the cell, like snRNAs, snoRNAs, and human telomerase RNA (hTR), the 3=-end formation is regulated by coordinated activities of exonucleases that trim the precursor RNA to the mature form (1) (2) (3) (4) . These exonucleases compete with RNA binding proteins to regulate the levels and stability of the RNA, and perturbations in this equilibrium can lead to a disease state (5) .
Mutations in 3=-to-5= exonucleases have been shown to cause a number of different human diseases. For example, mutations in several core exosome components have been shown to cause diverse diseases. Mutations in EXOSC3 lead to pontocerebellar hypoplasia (6) . Mutations in EXOSC8 have been shown to cause a form of spinal muscular atrophy (7) . Finally, mutations in EXOSC2 have recently been shown to cause pleiotropic effects that include vision, hearing, and intellectual defects (8) . More recently, it has been shown that mutations in the 3=-to-5= exonuclease TOE1 also lead to pontocerebellar hypoplasia (9) . How these specific mutations in exonucleases with overlapping functions lead to different human diseases remains unresolved.
Recently, mutations in PARN were identified that lead to familial pulmonary fibrosis, as well as a severe form of dyskeratosis congenita (DC) characterized by congenital defects and abnormally short telomere lengths (10, 11) . We, along with others, have recently shown that PARN deadenylates hTR 3= ends, and PARN deficiency leads to the oligoadenylation of hTR 3= ends by PAPD5, leading to its degradation by EXOSC10 (12) (13) (14) (15) . The fact that the DC in PARN patients is even more severe than that from loss-of-function alleles in telomerase itself suggests that loss of PARN activity has other consequences that contribute to disease. One simple hypothesis is that PARN is also required for the stability of other RNAs.
In this work, we investigate how PARN regulates the processing and stability of several abundant ncRNAs. We found that PARN deadenylates both U6 and RMRP under normal conditions but has no significant effect on the steady-state levels of either of these RNAs. This suggests that many ncRNAs are substrates for PARN-mediated deadenylation, but without an effect on RNA stability. In contrast, the loss of PARN reduces the levels of human Y RNAs, which are abundant small RNA polymerase (Pol) IIItranscribed RNAs that are posited to play a role in RNA quality control, initiation of DNA replication, DNA damage response, and histone mRNA processing (16) (17) (18) (19) . Low levels of Y RNAs could exacerbate the effect of PARN depletion on telomere maintenance, leading to the severe phenotype of DC observed in patients carrying PARN mutations. In addition, our deep sequencing of the 3= ends of these noncoding RNAs uncovered widespread posttranscriptional modifications, as well as dynamic 3=-end formation, for the ncRNAs. These results suggest that the 3= ends of ncRNAs are substrates of various exonucleases and noncanonical 3=-end polymerases, and these different 3= ends could be a way to increase the diversity of RNPs formed by these ncRNAs in the cell.
degrades the Y RNAs (26) (27) (28) (29) . Therefore, we asked whether coknockdown of PAPD5 with PARN or EXOSC10 could rescue Y RNA levels. We found that PARN and PAPD5 coknockdown was able to rescue all Y RNA levels (Fig. 1b) . Similarly, coknockdown of PAPD5 and EXOSC10 led to a partial rescue of Y1 and Y3 and a complete rescue of Y4 and Y5 RNAs (Fig. 1c ). These results suggest that Y RNAs are substrates for PAPD5mediated oligoadenylation and that these oligo(A) tails are removed by PARN and EXOSC10 individually or in concert, leading to stabilization of the RNA. Note that these results imply that an additional 3=-to-5= exonuclease can be recruited to oligoadenylated Y RNAs for their degradation. DIS3L is involved in regulating the steady-state levels of Y RNAs. In order to identify the 3=-to-5= exonuclease responsible for degradation of Y RNAs upon PARN or EXOSC10 knockdown, we performed a knockdown of various 3=-to-5= exonucleases in HeLa cells. We knocked down DIS3, which is the catalytic component of the exosome possessing both 3=-to-5= exo-and endonucleolytic activities (30) ; DIS3L, which is a DIS3-like exonuclease believed to interact with the exosome and degrades RNAs carrying oligoadenylated 3= ends (31, 32) ; and DIS3L2, which is a second cytoplasmic 3=-to-5= exonuclease that is thought to preferentially degrade oligouridylated RNAs independently of the core exosome (33) (34) (35) .
An important result was that DIS3L knockdown led to an approximate 2-fold increase in the levels of Y1 and Y3 RNAs in HeLa cells ( Fig. 2a ). In contrast, DIS3 knockdown led to a decrease in Y RNA levels (ϳ30% for Y1 and ϳ20% for Y3) and DIS3L2 knockdown had no significant effect on Y RNA levels. This is in contrast to recent reports that suggest that DIS3L2 targets 3=-uridylated Y RNAs for degradation (36, 37) , although as discussed below, we found that only a small fraction of Y RNAs are uridylated in HeLa cells. Moreover, DIS3L coknockdown with PARN is sufficient to rescue Y RNA levels to control, suggesting that DIS3L is responsible for Y RNA degradation when PARN is limiting ( Fig. 2b) .
A previous study showed that DIS3L preferentially degrades oligoadenylated rRNA species in human cells (31) . Another 3=-to-5= exonuclease, TOE1, was recently shown to process U snRNAs by removing oligo(A) tails from their 3= ends (9) . We therefore asked if degradation through oligo(A) tail recognition is a general feature of Y RNA stability by knocking down TOE1 in cells. We found that TOE1 knockdown led to a 1.8-fold increase in Y1 RNA levels and a smaller but significant increase in Y3 levels (Fig. 2c ). This suggests that oligoadenylation of Y RNAs could also lead to their degradation by TOE1.
Our rescue experiments with PARN and PAPD5 or EXOSC10 and PAPD5 coknockdown, along with an increase in Y RNA levels upon DIS3L (and TOE1) knockdown, suggest that PAPD5-mediated oligoadenylation leads to the degradation of Y RNAs. Therefore, a prediction would be that PAPD5 knockdown alone leads to an increase in Y RNA levels. Indeed, PAPD5 knockdown led to a 2-fold increase in the levels of Y1 and Y3 RNAs in HeLa cells, suggesting that PAPD5's activity is indeed required for the degradation of Y RNAs by DIS3L ( Fig. 2d) .
The above-mentioned knockdowns of PARN, EXOSC10, and PAPD5 were carried out using validated siRNA pools. However, to ensure that the results were due to the knockdown of the specific gene in each case, we repeated the experiments with different individual siRNAs against PARN, EXOSC10, and PAPD5. These individual siRNA experiments mimicked the siRNA pool knockdowns, and we again observed that PARN and EXOSC10 knockdown reduced Y RNA levels, while PAPD5 knockdown increased Y RNA levels (see Fig. S1 in the supplemental material).
Together, these data suggest a model where Y RNAs are trimmed by PARN and EXOSC10/DIS3 in conjunction with PAPD5 to a stable RNA that assembles into an RNP ( Fig. 2e ). In the absence of PARN or EXOSC10, the oligoadenylated Y RNA becomes a substrate for DIS3L or TOE1, which recognize the oligo(A) tails and degrade the RNA. DIS3L and TOE1 might also be responsible for the basal turnover of Y RNAs, as suggested by a 2-fold increase in Y RNA levels upon DIS3L or TOE1 knockdown ( Fig. 2e ).
Y RNAs are trimmed to a stable end and exhibit significant amounts of posttranscriptional modification at the 3= end. Our results with steady-state levels of Y RNAs in human cells suggest that Y RNAs are substrates for oligoadenylation and deadenylation. We next investigated whether these events are reflected in the 3=-end processing of Y RNAs under control or knockdown conditions. To do this, we performed 
5s rRNA RNA sequencing (RNA-Seq) on the 3= ends of Y1 and Y3, the two Y RNAs most affected by PARN, EXOSC10, and PAPD5 knockdowns. Sequencing Y1 and Y3 RNAs from HeLa cells revealed the following key points. First, we observed a distribution of 3= ends with the most abundant RNA 3= end corresponding to the Ϫ5 position, upstream of the canonical 3= end identified previously ( Fig. 3a  and b ). For Y1 and Y3 RNAs, ϳ70% of total reads, including genomic (unmodified) reads and posttranscriptionally modified reads, mapped to the Ϫ5 genomic position (Fig. 3b ). The next most abundant position is the Ϫ4 end (ϳ20% of total reads), while a very small fraction of reads mapped to the canonical 3= end for Y1 and Y3 RNAs (ϳ3% and 2% for Y1 and Y3 RNAs, respectively) ( Fig. 3b ). While previous studies identified the sequence of Y RNAs based on biochemical purification and hybridization to genomic DNA, our deep sequencing of 3= ends identified the precise location and relative abundance of each 3= end in HeLa cells.
A second important observation was that at every 3= end on the Y RNAs, we observed a substantial number of 3= ends that contained nonencoded A's, G's, or U's. For example, at the most abundant Ϫ5 3= end, we observed that 57% and 42% of the reads for Y1 and Y3 were modified (Fig. 3c ). The most abundant modification was oligo(A) tails, although we also observed RNAs modified with a tail ending in a G (guanylated) or a U (uridylated), as well as tails containing a mixture of these nucleotides ( Fig. 3c ). Similar results were observed at the Ϫ4 position and for the summations of RNAs trimmed into the body of the Y RNA (Ϫ3 to Ϫ1) ( Fig. 4 ), although these reads were predominantly modified with oligo(A) tails. Reads corresponding to a mixture of these modifications suggest that the modifying enzymes target these RNAs as substrates in cis.
These abundant posttranscriptional modifications suggest that Y RNAs potentially contain a variety of 3= ends, with the most abundant species being Ϫ5 and Ϫ4 relative to the previously mapped 3= ends. We found that the most abundant modified end contained a single A followed by either an A, a U, or a G nucleotide, in decreasing order of abundance, for both Y1 and Y3 RNAs ( Fig. 5) . A U or a G addition could potentially be stabilized through the formation of a wobble base pair or bulging of the stem, respectively, providing a rationale for the existence of stable species carrying these modifications ( Fig. 5 ). Another interesting observation was that these posttranscriptionally added dinucleotides (AA, AU, or AG) were often followed by oligo(A) tails, which we classified as mixed tails for AU and AG dinucleotides in our analysis (Fig. 3c ). This suggests that oligoadenylating enzymes have higher activity at the 3= ends of Y1 and Y3 RNAs and can outcompete uridylating or guanylating enzymes for substrate modification. PARN, EXOSC10, and PAPD5 are involved in the processing of Y RNAs. PARN and EXOSC10 knockdown leads to a reduction in the levels of Y RNAs in human cells. One possibility is that PARN and EXOSC10 protect Y RNAs from degradation by trimming the Y RNAs to the Ϫ5 position, which could be a boundary element formed by the binding of a protective protein, like the Ro protein (38) . Therefore, we asked if the 3= ends of Y1 and Y3 RNAs change upon the knockdown of PARN or EXOSC10 in human cells.
We found that PARN or EXOSC10 knockdown led to a small but clear increase in the percentage of reads corresponding to the internally chewed-up positions (Ϫ3 to Ϫ1), as well as the canonical 3= end (0 position) and extended ends for both Y1 and Y3 RNAs compared to the control (Fig. 6 ). The increase in the fraction of reads at downstream ends was compensated for by a reduction in the fraction of reads terminating at either of the two abundant ends, Ϫ5 or Ϫ4 ( Fig. 6 ). Interestingly, while PARN knockdown led to a decrease in the fraction of reads at the Ϫ5 position, EXOSC10 knockdown led to a decrease in the fraction of reads at the Ϫ4 position ( Fig. 6 ). This suggests that these enzymes potentially trim Y RNAs at different positions. Since Y RNAs are degraded through recognition of the oligo(A) tail, it is likely that the oligo(A) tail is also important for the 3=-end processing of Y RNAs to the trimmed end. Therefore, a prediction would be that PAPD5 knockdown leads to an increase in reads at the downstream ends and a reduction in reads at the trimmed end. Another prediction would be that PARN and PAPD5 coknockdown or EXOSC10 and PAPD5 coknockdown leads to an even greater effect on the fractions of reads at these different positions. Indeed, PAPD5 knockdown led to an increase in the fraction of reads corresponding to downstream ends and a decrease in the fraction of reads at the Ϫ5 end ( Fig. 6 ). Second, PARN and PAPD5 or EXSOC10 and PAPD5 coknockdown led to an even greater increase in the fraction of reads at the downstream ends and a decrease in the fraction of reads at the Ϫ5 end. Together, these data suggest that PAPD5mediated oligoadenylation and exonucleolytic processing by PARN and EXOSC10 play a role in Y RNA maturation. However, it is possible that other enzymes, such as DIS3, DIS3L, and TOE1, also play a role in this process due to the redundancy in Y RNA stability upon deficiency of any of these enzymes (Fig. 2) . PARN removes oligo(A) tails from Y RNA 3= ends, which are added by PAPD5. Since PARN is a deadenylase that removes oligo(A) tails from its substrates, we asked whether PARN depletion also affects the oligoadenylation of Y RNAs. As described above, Y1 and Y3 RNAs exhibit significant posttranscriptional modification at various 3=-end positions ( Fig. 3c and 4 ). We found that PARN knockdown led to an increase in oligo(A) reads at ends from the Ϫ4 position to the 0 position but did not really affect total oligo(A) reads at the Ϫ5 position for Y1 and Y3 RNAs, respectively ( Fig. 7 and 8 ). EXOSC10 knockdown also led to an increase in total oligo(A) reads at various positions from Ϫ4 to 0 for Y1 and Y3 RNAs; the effect was greater than that of PARN knockdown at some positions (e.g., positions Ϫ3 to Ϫ1 and 0 for Y1 RNA and Ϫ3 to Ϫ1 for Y3 RNA) ( Fig. 7 and 8 ). This suggests that EXOSC10 also deadenylates Y1 and Y3 RNA 3= ends, potentially protecting the RNA from degradation.
As discussed above, PAPD5-mediated oligoadenylation is involved in the trimming of Y RNAs to the Ϫ4 and Ϫ5 positions ( Fig. 2e and 6 ). Therefore, a prediction would be that PAPD5 knockdown leads to a decrease in oligo(A) modification at the 3= end and PARN and PAPD5 coknockdown or EXOSC10 and PAPD5 coknockdown should lead to an increase in oligo(A) modifications. Surprisingly, we found that PAPD5 knockdown did not lead to a large decrease in oligo(A) reads at various positions for both Y1 and Y3 RNAs ( Fig. 9 and 10 ). In fact, at some positions, PAPD5 knockdown led to an increase in oligo(A) reads (discussed below). However, we did find that PARN and PAPD5 coknockdown or EXOSC10 and PAPD5 coknockdown led to an increase in oligo(A) reads at various positions for Y1 and Y3 RNAs compared to the control ( Fig. 9 and 10 ). This suggests that PARN and EXOSC10 remove oligo(A) tails added by PAPD5 from the 3= ends of Y RNAs.
One of the predominant modifications for Y1 and Y3 RNAs is the addition of adenosine dinucleotides at the Ϫ5 position ( Fig. 5 ). Therefore, it is possible that PARN and PAPD5 do affect the oligoadenylation of Y RNAs at this position but the effect on deadenylation, either due to PARN knockdown or due to PAPD5 knockdown, is masked by the overabundance of the adenosine dinucleotide modified species. Therefore, we separated the fraction of oligoadenylated reads that contained one or two A's at the Ϫ5 position from those that contained more than two A's and asked whether PAPD5 knockdown or PARN knockdown led to a change in the fraction of longer A tails at the Ϫ5 position. We found that PARN knockdown led to an increase in the fraction of longer oligo(A) reads, indirectly indicating the presence of a longer oligo(A) tail on average for both Y1 and Y3 RNAs (Fig. 11) . Conversely, PAPD5 knockdown led to a decrease in the fraction of longer oligo(A) reads, indicating the presence of shorter oligo(A) tails on average at the Ϫ5 end. The shorter oligo(A) tails are probably due to deadenylation by PARN or EXOSC10 (Fig. 11 ). A similar trend was observed for oligo(A) modifications at the Ϫ4 position (data not shown). We further analyzed the A tail length at the Ϫ5 end upon PAPD5 or PARN knockdown to see whether the average tail length differed under these knockdown conditions. We found that for both Y1 and Y3 RNAs, the average number of A's decreased significantly upon PAPD5 knockdown and increased upon PARN knockdown (Fig. 12 ). This effect was also elicited in PAPD5 knockdown cells having shorter oligo(A) tails and PARN knockdown cells having longer oligo(A) tails ( Fig. 12 ). However, as discussed above, the numbers and the distribution skew heavily toward the dinucleotide species (2 A's added to the Ϫ5 end), suggesting a possible function of the dinucleotide modification in stabilizing the stem through noncanonical G-A base pairing. Finally, it is also possible that the first two A's are added by a terminal adenylase other than PAPD5, which would obscure the analysis upon PAPD5 knockdown.
Altogether, two conclusions can be drawn from the analysis of oligo(A) modifications at the various 3= ends of Y1 and Y3 RNAs. First, PAPD5 adds oligo(A) tails to the 3= ends of Y RNAs and PARN removes oligo(A) tails from the 3= ends of Y RNAs. Second, the adenosine dinucleotide modification is the predominant modified species at the Ϫ5 and Ϫ4 positions for Y RNAs. This could be due to the selective stabilization of the Y RNA stem when this modification is added at the 3= end.
PARN deadenylates U6 snRNA and RMRP without affecting their stability. U6 snRNA and RMRP are abundant ncRNAs that have previously been demonstrated to contain oligo(A) modifications at the 3= end in human cells (20, 21) . We therefore investigated whether PARN affects the 3=-end deadenylation and/or stability of these two RNAs.
For U6 snRNA, a significant fraction of reads mapped to truncations and precursors, along with the canonical 3= end (Fig. 13a ). We classify truncations as reads shorter than the mature species, where the mature species are reads corresponding to canonical 3=-end positions (AUUUU[U]; Lsm 2-8 binding site plus 1 U, which could contain a 2=-3= cyclic phosphate), and precursor species as reads that are uridylated and extend beyond the canonical 3= end (AUUUUUU, AUUUUUUU, etc. [underlining indicates nontemplated additions]). In PARN knockdown cells, we found that the proportion of truncated reads did not change but the proportion of canonical end reads increased slightly, whereas the proportion of extended reads decreased in a compensatory manner (Fig. 13a) . The increase in the fraction of canonical reads in PARN knockdown could be due to more genomic reads or more posttranscriptionally modified reads. We therefore analyzed whether the 3= end is modified posttranscriptionally for U6 snRNA. Analysis of the 3=-end modification status under control conditions suggested that U6 snRNA contains a significant number of oligo(A) modifications at both the truncated and canonical ends (Fig. 13b ). This suggests that U6 snRNA is posttranscriptionally modified through the addition of oligo(A) tails at the 3= end. We then asked whether PARN affects the 3=-end oligoadenylation of the U6 snRNAs. We found that for both truncated and canonical ends, PARN knockdown led to an increase in the fraction of oligo(A) reads (Fig. 13b) . The net increase in the fraction of total reads at the canonical end, along with an increase in the fraction of oligoadenylated reads at this position, suggests that PARN deadenylates U6 snRNA 3= ends, similar to what we have previously shown for hTR (12) .
RMRP is the RNA component of the mitochondrial RNase P-like complex in human cells and was previously shown to contain posttranscriptional oligo(A) modifications at (21) . We therefore sequenced the 3= end of RMRP in control and PARN knockdown cells to investigate whether RMRP is a substrate for PARN-dependent deadenylation. A majority of the reads mapped to the canonical 3= end (ϳ50%), and others mapped to precursor ends (ϳ36%) under control conditions. Upon PARN knockdown, the fraction of reads mapping to the canonical 3= end decreased slightly (48.5% compared to 50%), and the fraction of reads corresponding to precursor ends increased slightly (37% compared to 36%).
Apart from genomic reads, the only posttranscriptional modification observed on RMRP was oligo(A) tails in both control and PARN knockdown cells. This suggests that RMRP is exclusively a substrate for oligoadenylating enzymes in human cells.
We then investigated how the fraction of oligo(A) tails changed in PARN knockdown cells compared to control cells. We found that, compared to control cells, the fraction of oligo(A) reads at canonical and precursor ends increased in PARN knockdown cells (Fig. 14a) . The increase was small, but consistent, at all ends and was largest at the ϩ1 end (54% in control cells versus 60% in PARN KD cells). To further investigate whether this increase in oligo(A) reads has an effect on the length of oligo(A) tails at RMRP ends, we plotted the oligo(A) tails at each end in control and PARN knockdown cells and calculated the mean number of A's present at each end under control or PARN knockdown. At the canonical 3= end, oligo(A) tail length increased in PARN knockdown cells compared to control cells, along with an increase in the mean number of A's (2.4 in control versus 3.0 in PARN KD cells) (Fig. 14b) . Similarly, at each precursor end, the length of the oligo(A) tails and the mean number of A's increased in PARN knockdown cells compared to control cells (Fig. 14c ). Together, these results suggest that PARN removes oligo(A) tails from the 3= end of RMRP.
Since PARN deadenylates both U6 snRNA and RMRP, we asked whether PARN knockdown affects the steady-state levels of these RNAs. Unexpectedly, PARN knockdown had no effect on the steady-state levels of U6 and only a slight effect on the steady-state levels of RMRP (ϳ11% decrease compared to the control) ( Fig. 14d ). Together with the increase in the percentage of oligoadenylated reads for these RNAs upon PARN depletion, two possible conclusions can be reached. First, PARN acts to promote the stability of only a subpopulation of these RNAs, and therefore, the effect on steady-state levels is not significant. Second, PARN deadenylates the majority of these RNA populations, but the lack of PARN depletion is not sufficient to trigger the decay of these RNAs in a 3=-5= manner, possibly due to the presence of protective protein complexes, like the Lsm 2-8 complex for U6 snRNA or the Rpp20-Rpp25 complex for RMRP (39, 40) .
DISCUSSION
PARN=s possible role in regulating the stability of multiple ncRNAs. PARN is mutated in a severe form of DC and familial pulmonary fibrosis (10, 11) . We, along with others, have shown that PARN stabilizes hTR by removing oligo(A) tails from its 3= end. However, it is possible that the severe phenotype of DC observed in patients with PARN mutations is due to the misregulation of other RNAs. We investigated a few stable noncoding RNAs to test this hypothesis and found that PARN knockdown leads to an Ambiguous reads are reads that end in a single A, which could be added co-or posttranscriptionally. Mixed reads are reads that contain both A's and U's. increase in oligoadenylated ends for a number of ncRNAs, such as U6 and RMRP ( Fig.  13 and 14 ). However, PARN knockdown does not affect the steady-state levels of either of these RNAs in HeLa cells (Fig. 14d ). On the other hand, PARN knockdown affects both the processing and the stability of human Y RNAs (Fig. 1, 2, 6, 7, and 8 ). This suggests that PARN affects the processing of ncRNAs by two different mechanisms ( Fig. 15 ). For some ncRNAs, PARN competes with PAPD5 to limit the addition of oligo(A) tails on the 3= end. When PARN is limiting, oligo(A) tails are recognized by a 3=-to-5= exonuclease, for example, EXOSC10 in the case of hTR or DIS3L for Y RNAs, which leads to the degradation of the RNA (Fig. 15a ). For other ncRNAs, PARN competes with PAPD5 to limit the addition of oligo(A) tails on the 3= end, but the 3= end is well protected by a protein complex, which prevents RNA degradation even in the case of low PARN levels (Fig. 15b ). This would hold true for RMRP and U6, as well as H/ACA snoRNAs described previously (41) . One aspect of this process is that RNA turnover would simply require dissociation of the protective protein complex from the 3= end and therefore could be used by the cell to regulate the levels of ncRNAs in a PARN-dependent manner (see below).
One interesting possibility is that PARN acts a general regulator of ncRNA stability in mammalian cells. PARN could exert its effect through two general mechanisms. First, programmed cellular pathways could downregulate or upregulate the expression of PARN in cells, depending on the response to stimuli at the cellular level or to cell stages during growth and development. Second, the proteins at the 3= ends of ncRNAs, which presumably protect them from destabilization by PARN knockdown (as is the case for U6 or RMRP), could themselves be downregulated by the cell, which would sensitize the RNA to the activity of PARN. PARNmediated RNA decay (PMD) could therefore be a widespread cellular phenomenon to establish homeostasis in cellular ncRNA (and mRNA) levels, and further research is warranted to test this hypothesis. Y RNAs are processed by PARN and EXOSC10 in human cells. Y RNAs are abundant RNA Pol III-transcribed ncRNAs in human cells, posited to play a role in DNA replication, histone mRNA maturation, and RNA quality control in the cell (42, 43) . We found that Y RNA 3= maturation is a complicated process governed by multiple 3=-to-5= exonucleases. First, Y RNAs are trimmed to a position 5 nucleotides upstream of the canonical 3= end in the steady state in HeLa cells ( Fig. 3a and b) . Second, this processing is promoted by PAPD5-mediated oligoadenylation of the 3= end, since PAPD5 knockdown leads to a strong decrease in the percentage of reads terminating at the abundant end and an increase in the number of reads terminating at the mature end ( Fig. 6 ). Third, both PARN and EXOSC10 are involved in the trimming of Y RNAs, since knockdown of the two enzymes causes an increase in the proportion of reads that terminate at the canonical end ( Fig. 6 ). We also found that Y RNA levels decrease upon both PARN and EXOSC10 knockdown in HeLa cells (Fig. 1a ). Furthermore, Y RNA levels could be rescued partially or completely under each condition upon PAPD5 knockdown, providing direct evidence for 3=-end oligoadenylation being a destabilizing mechanism for Y RNAs (Fig. 1b and c) . Interestingly, DIS3 knockdown also affects Y RNA levels in HeLa cells, although the effect is not as strong as that of EXOSC10 knockdown for Y1 and Y3 RNAs (Fig. 2a ). DIS3 associates with the exosome in both the nucleus and the cytoplasm (31, 32) , which suggests that EXOSC10 and DIS3 could have redundant functions in the trimming of Y RNAs to the abundant Ϫ5 end in conjunction with PARN.
Analysis of Y RNA levels in HeLa cells depleted of two other 3=-to-5= exonucleases, DIS3L and DIS3L2, suggests that DIS3L might be responsible for degrading Y RNAs when PARN or EXOSC10/DIS3 enzyme is limiting in the cell. DIS3L knockdown leads to an ϳ2-fold increase in the levels of Y1 and Y3 RNAs (Fig. 2a) , and PAPD5 knockdown alone had a similar effect on Y RNA levels ( Fig. 2d ), suggesting that PAPD5-mediated oligoadenylation leads to the degradation of Y RNAs by DIS3L when PARN or EXOSC10 is limiting.
How do these different nucleases coregulate the maturation and stability of Y RNAs in the cell? Differential subcellular localization of Y RNAs, as well as of EXOSC10, DIS3, DIS3L, and PARN in human cells, provides some clues to this question. Human Y RNAs localize to both the nucleus and the cytoplasm, and the nuclear localization is observed at discrete puncta called perinucleolar compartments (PNCs) (43) (44) (45) . DIS3 and PARN both shuttle between the nucleus and the cytoplasm, whereas EXOSC10 is predominantly localized to the nucleus in the cell (31, 32, 46, 47) . DIS3L and DIS3L2 are both predominantly cytoplasmic enzymes, although DIS3L is also found at discrete sites in the nucleus (31) (32) (33) (34) . Therefore, Y RNA can be susceptible to the activities of these nucleases at different stages of its life cycle, based on its interaction with different protein partners. For example, Y RNAs could be trimmed to the abundant Ϫ5 end by PARN and EXOSC10 posttranscription in the nucleus, aided by oligoadenylation by PAPD5 (48) (49) (50) . If PARN or EXOSC10/DIS3 is absent, the RNA could be recognized by the oligo(A) tails at its 3= end, leading to degradation by DIS3L. Y RNAs could also be degraded in the cytoplasm by DIS3L after nuclear export, which could be a part of the normal recycling of the Y RNAs in human cells.
Y RNA deficiency could lead to the severe phenotype of DC observed in patients with PARN mutations. The severe phenotype of DC observed due to PARN mutations is intriguing, not least because of severely short telomere lengths and earlier onset compared to mutations in the telomerase components, like DKC1 and TERC (11, 51, 52) . Two previously published reports suggested that defects in Y RNA maturation could contribute to this severe phenotype. First, PARN patient cells have a defective response to UV irradiation stress compared to controls (52) . Y RNAs, in complex with the Ro protein, accumulate in the nucleus upon UV stress as part of the cell's DNA damage response mechanism, suggesting an important function in adaptation to UV stress (53, 54) . Therefore, PARN deficiency could negatively impact the cell's DNA damage response mechanism. Second, PARN patient cells arrest in the G 0 /G 1 cell cycle phase (10). Y RNAs have been shown to be important for the initiation of DNA replication in mammalian cells, and Y RNA knockdown arrests cells in late G 1 phase (16, 17, 24, 55) . Interestingly, this function of Y RNAs is independent of its binding to the Ro protein, which suggests that newly transcribed Y RNAs in the nucleus could be important for this process (24) . Therefore, lack of proper 3=-end processing of Y RNAs could impact their function upstream of interaction with Ro protein, which would be a likely scenario in PARN-or EXOSC10-deficient cells. Analysis of Y RNA levels and maturation in PARN patient cells would be important in establishing the causality between Y RNA function and the DC phenotype.
